Aims/Introduction: The relationship between pancreatic fatty infiltration and diabetes is widely known, whereas the causal relationship is not clear. Furthermore, it is uncertain whether pathogenesis of pancreatic fat is similar to that of liver fat. We aimed to clarify the contribution of this type of fat to glucose metabolism in type 2 diabetes patients by cross-sectional and longitudinal analyses. Material and Methods: A total of 56 patients with type 2 diabetes who had been hospitalized twice were analyzed. We evaluated the mean computed tomography values of the pancreas (P), liver (L) and spleen (S). Lower computed tomography values indicate a greater fat content. We defined indices of pancreatic or liver fat content as the differences between P or L and S. We assessed the associations among fat content for the two organs (P-S, L-S) and clinical parameters at the first hospitalization, and then analyzed the associations between these fat contents and changes in glycometabolic markers (the second data values minus the first). Results: In the cross-sectional study, P-S negatively correlated with the increment of Cpeptide in the glucagon stimulation test (r = -0.71, P < 0.0001) and body mass index (r = -0.28, P = 0.034). L-S negatively correlated with homeostasis model assessment of insulin resistance (r = -0.73, P < 0.0001), body mass index (r = -0.62, P < 0.0001) and some other obesity-related indicators, but not with the increment of C-peptide in the glucagon stimulation test. In the longitudinal study, P-S positively correlated with the change of the increment of C-peptide in the glucagon stimulation test (r = 0.49, P = 0.021). Conclusions: In type 2 diabetes patients, pancreatic fat was less associated with obesity-related indicators than liver fat, but was more strongly associated with the longitudinal decrease in endogenous insulin-secreting capacity.
INTRODUCTION
Pancreatic fatty infiltration is known to be associated with the state of diabetes: some studies have shown that patients with type 2 diabetes have more pancreatic fat than non-diabetic patients 1, 2 , and others have shown that those who have more pancreatic fat are more likely to have diabetes 3 . In addition, it has been reported that pancreatic fat is associated with indices associated with insulin resistance, including body mass index (BMI) 4 , waist circumference 4 , visceral fat 4 and the homeostasis model assessment of insulin resistance (HOMA-IR) 5 in several studies. However, the causal relationship between pancreatic fat and diabetes is uncertain, because most of these studies were designed as cross-sectional studies. Furthermore, although we reported that pancreatic fat is strongly associated with glucose intolerance within 1 year after pancreatectomy in non-diabetic patients 6 , it is not clear whether pancreatic fat affects the impairment of glucose tolerance in diabetes patients. Furthermore, liver fat has been reported to be a risk factor for the future development of type 2 diabetes 7 and to be related to a future increase in insulin resistance 8 in non-diabetic patients. However, the relationship between pancreatic fat and liver fat has not been studied in detail. Wang et al. 3 reported that individuals with a fatty pancreas are more likely to have a fatty liver than those without a fatty pancreas, whereas Hannukainen et al. 9 reported that intraperitoneal fat was positively correlated with liver fat, but not with pancreatic fat. These results suggest that pancreatic fat has some different clinical implications from liver fat. In the present study, we aimed to clarify the difference between the characteristics of pancreatic fat and liver fat, and the contribution of these types of fat to glucose metabolism in type 2 diabetes patients using cross-sectional and longitudinal analyses.
METHODS

Patients
We carried out a search on the database of patients hospitalized in the Department of Metabolic Medicine, Osaka University Hospital between April 2008 and September 2018. We screened patients who had been diagnosed with diabetes, had received an abdominal computed tomography (CT) scan during a hospitalization and were hospitalized again within the period. We identified 130 patients who met these criteria. Among these, we excluded those who had been diagnosed with type 1 diabetes; endocrine diseases, such as Cushing syndrome, acromegaly, adrenal insufficiency, glucagonoma and Graves' disease; pancreatic diseases, such as pancreatic tumors and pancreatitis; hepatic diseases, such as liver cirrhosis and hepatocyte carcinoma; renal failure (estimated glomerular filtration rate of <30 mL/min/ 1.73 m 2 ), as well as those who were being treated with a glucocorticoid and those with myotonic dystrophy. Finally, a total of 56 patients were enrolled in our study as those with type 2 diabetes ( Figure 1 ). Among these 56 patients, the medications for diabetes at the time of the first admission were as follows: insulin for 24 patients, sulfonylureas for 24 patients, biguanides for 20 patients, dipeptidyl peptidase-4 inhibitors for 18 patients, aglucosidase inhibitors for 11 patients, thiazolidinedione for six patients and glinides for four patients. None of them had been treated with glucagon-like peptide-1 receptor agonists or sodium-glucose cotransporter 2 inhibitors.
Clinical parameters
For the cross-sectional study, we obtained the following data at the time of the first hospitalization from medical records: age, sex, alcohol intake, smoking history, family history of diabetes, duration of diabetes, height, bodyweight, BMI, the previous highest BMI, waist circumference, the levels of hemoglobin A1c, fasting plasma glucose (FPG), fasting immunoreactive insulin (F-IRI), fasting C-peptide (F-CPR), C-peptide index (CPI), Insulinogenic index (II), homeostasis model assessment of b-cell function (HOMA-b), HOMA-IR, Matsuda Index, the increment of C-peptide in the glucagon stimulation test (⊿CPR), total cholesterol, triglycerides, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, aspartate transaminase, alanine transaminase and c-glutamyltranspeptidase. CPI was defined as F-CPR (nmol/L) 9 100 / FPG (mmol/L), HOMA-b as F-IRI (lIU/mL) 9 20 / (FPG [mmol/ L] -3.5), and HOMA-IR as FPG (mmol/L) 9 F-IRI (lIU/ mL) / 22.5. II 10 and the Matsuda Index 11 were defined as previously described, using data from 75-g oral glucose tolerance tests. For the longitudinal study, we evaluated the changes in glycometabolic markers, such as hemoglobin A1c, FPG, F-CPR, CPI, II, HOMA-b, HOMA-IR, Matsuda Index and ⊿CPR in between the first and the second hospitalizations (the second value minus the first).
Measurement of pancreatic and liver fat
In general, air, water and fat have unenhanced CT attenuation values of approximately -1,000, 0 and -100 Hounsfield units, respectively, and organs containing more fat have lower CT values. To evaluate the degree of pancreatic and liver fat, we used the unenhanced CT values, which have been proven to be well correlated with the fat content determined using a histological method 12 . We defined a pancreatic CT value (P) as the mean CT value of three regions of interest with areas of 1 cm 2 in three different pancreatic parts: head, body and tail. We also defined a liver CT value (L) as the mean CT value of three regions of interest with areas of 1 cm 2 in three different segments of liver: anterior, posterior and lateral. We defined a splenic CT value (S) as the mean of three regions of interest with areas of 1 cm 2 in three different splenic levels: upper, middle and lower. Indices of pancreatic fat content were defined as the differences between the pancreatic and splenic CT values (P-S), as previously shown [12] [13] [14] . Similarly, indices of liver fat content were defined as the differences between the liver and splenic CT values (L-S) 15, 16 . We carefully excluded the pancreatic duct and margins from the measurement areas. The images were analyzed using the software program, Aquarius Net Viewer Version 4.4 (TeraRecon, Inc., Tokyo, Japan).
Statistical analysis
The data are presented as the medians and interquartile ranges. P-values <0.05 were considered to be significant. The relationships among the parameters were assessed using Pearson's correlation coefficient analyses. Differences between groups in the P-S and L-S were tested using the Student's t-test. The factors that contributed to P-S and the longitudinal change in ⊿CPR evaluated in two hospitalizations were assessed using multiple regression analyses. All statistical analyses were carried out using JMP â Pro 14 software (SAS Institute Inc., Cary, NC, USA). 
Study approval
The present study was approved by the institutional ethics review board of Osaka University Hospital, and carried out in accordance with the principles of the Helsinki Declaration. The study was announced to the public on the website of our department at Osaka University Hospital, and all patients were allowed to participate or refuse to participate in the study.
RESULTS
Cross-sectional study
The baseline clinical characteristics of the patients at the first hospitalization are shown in Table 1 . The median value of BMI of 27.3 (kg/m 2 ) indicated that the majority of the patients were obese. When fatty pancreas was defined as P-S ≤-5 17 and fatty liver as L-S ≤0 18 , the incidences of fatty pancreas, fatty liver, both and neither were 47, 19, 15 and 5, respectively, out of the total of 56 patients. The analysis of the correlation between the indices of pancreatic and liver fat showed no significant correlation between them ( Figure 2 ).
The results of the analyses of the correlations between the P-S and baseline clinical parameters, and between L-S and baseline clinical parameters are shown in Table 2 . P-S was negatively correlated with BMI, the previous highest BMI and ⊿CPR. In other words, those with the more pancreatic fat had the higher BMI, higher previous highest BMI and higher ⊿CPR. The distributions of P-S and ⊿CPR are shown in Figure 3 . The multiple regression analyses showed that ⊿CPR was independently associated with P-S (Table 3) .
In contrast, L-S was positively correlated with age, diabetes duration and high-density lipoprotein cholesterol, and negatively correlated with BMI, the previous highest BMI, waist circumference, aspartate transaminase, alanine transaminase and triglycerides. In other words, those with the more liver fat were younger, had shorter durations of their diabetes, larger waist circumferences and higher BMIs, as well as higher previous highest BMI, and higher levels of aspartate transaminase, alanine transaminase and triglycerides. L-S was also negatively correlated with F-CPR, CPI, HOMA-b and HOMA-IR. There were no significant differences in the P-S and L-S values between groups divided by sex (male or female) or family history of diabetes (presence or absence).
Longitudinal study
The results of the correlation analyses between pancreatic fat or liver fat and changes in the glycometabolic markers are shown in Table 4 . P-S, evaluated at the first hospitalization, was positively correlated with the change in ⊿CPR (⊿[⊿CPR]): more pancreatic fat was associated with a greater subsequent decrease in ⊿CPR. Figure 4 shows the distributions of P-S and ⊿(⊿CPR). In contrast, L-S was positively associated with a change of F-CPR, but not CPI; that is, more liver fat was associated with a greater degree of subsequent decline of F-CPR, but not the CPI. The multiple regression analyses for factors that had previously been proven to be associated with the pancreatic fat content 13 (age, sex, BMI, L-S and alcohol intake) showed that only P-S was independently associated with ⊿(⊿CPR; Table 5 ).
DISCUSSION
In the present study, we showed that pancreatic fat in type 2 diabetes patients was less associated with obesity-related parameters than liver fat in cross-sectional analyses. In addition, we showed that pancreatic fat had a possible longitudinal effect on the impairment of b-cell function.
Although there have been many cross-sectional studies on pancreatic fatty infiltration and b-cell function, they have not Some authors concluded that pancreatic fat determined using magnetic resonance 4 or CT values 19 was associated with impairment of b-cell function evaluated using the 75-g oral glucose tolerance test in non-diabetic individuals 1 , those with impaired fasting glucose and/or impaired glucose tolerance 4 , or those with various stages of glucose tolerance including type 2 diabetes 19 . Others concluded that pancreatic fat evaluated using magnetic resonance techniques was not associated with impairment of b-cell function evaluated using the 75-g oral glucose tolerance test 20, 21 and intravenous glucose tolerance test 22 in individuals with normal glucose tolerance 20 , non-diabetic individuals 21 or those with various stages of glucose tolerance including type 2 diabetes 22 . These inconsistent results might be derived from the difference in glucose tolerance of participants or from the difference in markers of b-cell function. To the best of our knowledge, only one longitudinal study on pancreatic fat and type 2 diabetes has been published. That study described 5-year follow up of 813 non-diabetic individuals, and showed a positive association between pancreatic fat evaluated as the CT values and increased incidence of type 2 diabetes in a univariate analysis. However, this association did not remain significant in a multivariate analysis as a result of confounders, such as age, sex, BMI, L-S and alcohol intake 13 . In the present study, multivariate analyses that were adjusted for these factors showed that P-S was an independent factor for ⊿(⊿CPR). The present study differs from the previous study, as type 2 diabetes patients in whom changes in glycometabolic markers rather than the onset of diabetes were evaluated. The mechanisms by which pancreatic fatty infiltration affects b-cell function have not yet been clarified, but some mechanisms are assumed to be associated with lipotoxicity 23 , inflammation of islets 24 or remodeling of pancreatic innervation 25 . On the basis that ⊿CPR is closely correlated with relative b-cell area 26 , pancreatic fatty infiltration might lead to a longitudinal reduction of b-cell mass. In contrast, L-S correlated with a change of F-IRI and F-CPR, not with CPI. Considering that all these indicators also could be affected by insulin resistance, the relationship between liver fat and the longitudinal change of these indicators has little significance in evaluating the change of insulin-secreting capacity.
We also showed for the first time that ⊿CPR was negatively correlated with P-S in the cross-sectional analysis, which suggested that patients with higher insulin secretion capacity had more pancreatic fat. This result might seem paradoxical, because the present longitudinal study showed that pancreatic fat was associated with the impairment of b-cell function, as previously mentioned. This cross-sectional result could be explained by a hypothesis that insulin secretion might contribute to the local fatty change within the pancreas. This hypothesis is supported by the result of a multivariate analysis adjusted for BMI, another parameter that was correlated with P-S, which showed that ⊿CPR was an independent factor for P-S. Similarly, insulinsecreting parameters, including F-IRI, F-CPR, CPI and HOMA-b, were negatively correlated with L-S in the cross-sectional analysis. Considering that these insulin-secreting parameters were correlated with HOMA-IR (data not shown), which was also correlated with L-S, they were correlated with L-S indirectly through their association with insulin resistance. We showed that the correlation coefficient between BMI and pancreatic fat was lower than that between BMI and liver fat, and that some other obesity-related indicators were correlated only with liver fat. This result might be explained by the weaker association of obesity or visceral fat with pancreatic fat than with liver fat. Many studies have reported that pancreatic fat and liver fat are related to each other 27, 28 . However, only a few studies have focused on the differences between these forms of fat. In the present study, no significant correlation was found between pancreatic fat and liver fat, which might be due to possible differences in the pathogeneses of these two types of fat. Histologically, it has been shown that pancreatic fat is located mainly in adipocytes, whereas liver fat is located within hepatocytes 29, 30 . The liver is an organ that takes up, oxidizes, synthesizes and exports fatty acids 31 . In contrast, the pancreas does not have those functions. Furthermore, considering that ⊿CPR was an independent factor for pancreatic fat, but not liver fat, pancreatic fat might be partly affected by local insulin secretion. These functional or environmental differences might contribute to the pathophysiological differences between these two forms of fat.
There were some limitations to this study. The first is the small sample size of the study. The second is that we could not evaluate the effect of the diabetes medications administered to these patients on the glycometabolic parameters in either the cross-sectional or the longitudinal analyses.
In conclusion, pancreatic fat was less associated with obesityrelated markers than liver fat in cross-sectional analyses, but pancreatic fat was more strongly associated with the longitudinal decrease in endogenous insulin secretion capacity in type 2 diabetes patients.
